The precipitation in aqueous media of cellulose from solutions in Nmethylmorpholine N-oxide (NMMO) hydrates is an important stage in the process of manufacturing of fibres, films and other cellulose objects. It is responsible for the formation of the structure of the regenerated object and their morphological characteristics significantly influence the properties of the final products.
INTRODUCTION
hydrates are direct solvents for cellulose, used commercially in the preparation of homogenous cellulose-NMMO-water solutions (dope) for making mainly fibres (Lyocell process). The production of the cellulose objects by the NMMO process passes through the step of regeneration of the spun or extruded dope in a coagulation bath (Krüger 1994) . In order to regenerate cellulose-NMMO-water solution, the liquid coagulating agent must be a solvent for NMMO and a non-solvent for cellulose. Polar liquids, like water or alcohol, are used as coagulation bath because they are miscible with NMMO and cause NMMO removal from the cellulose solution. It is expected that the regeneration of cellulose-NMMO-water solutions follows the well known principles of phase separation in polymer solutions valid in membrane formation, Koenhen et al (1977) , Broens et al (1980) , Shen and Cabasso (1982) , Radovanovic et al (1992) , Pereira Nunes and Inoue (1996) , Tsay and McHugh(1992) , Barton et al (1997) .
When a polymer solution is regenerated in a non-solvent coagulation bath, the resultant objects have an asymmetric structure, i.e. a more or less dense skin is supported by a porous sub-layer. The formation of the skin results from the increase in polymer concentration stimulated by an extremely rapid solvent depletion from the top layer of the solution. Two predominant morphologiesfinger-like and sponge-likeare usually observed in the sublayer (Broens et al 1980, Shen and Cabasso 1982) . The way these morphologies are forming depends on the rate of precipitation of the polymer that is determined by the rate of solvent diffusing out of, and the rate of non-solvent diffusing into, the polymer solution at the interface.
Finger-like morphologies are formed when the non-solvent enters into a polymer solution faster than the solvent diffuses out. Sponge-like structures are formed when the solvent diffuses out faster than the non-solvent diffuses in (Shen and Cabasso 1982, Barton et al 1997) .
The relations between the mechanisms of phase separation and the process of structure formation are still a matter of active research, owing to their importance in the processing of polymer membranes. Changes in composition bring a ternary polymer/solvent/non-solvent system to a condition which favours liquid-liquid or solid-liquid phase separation. Solid-liquid phase separation is considered in structure formation of systems containing crystallisable polymers. Liquid-liquid phase separation is considered for systems containing either amorphous or crystallisable polymers. In the case of liquid-liquid demixing of polymer solutions, two different mechanisms can happen: nucleation and growth or spinodal decomposition. Most of the earlier papers ascribe the formation of the structure in membranes produced by regeneration of a polymer solution in a non-solvent coagulation bath to the nucleation and growth mechanism. The importance of spinodal decomposition, that is very rapid and difficult to quantify, has been recognised more recently (Radovanovic et al 1992, Pereira Nunes and Inoue 1996) .
As far as the regeneration of cellulose-NMMO-water solutions is concerned, several publications describing the morphological features of fibres and films are available (Romanov et al 1988 , Bang et al 1999 , Fink et al 2001 , Laity et al 2002 . Romanov et al. (1988) noted that the regeneration of fibres in a bath of isopropyl alcohol increases their microporosity (0.1µm) and creates vacuoles in the structure in comparison with a water bath. Fink et al. (2001) reported that fibres precipitated in water show a dense cellulose network structure with small finely distributed voids with dimensions ranging from 10 to 100nm. This structure seems to be uniform throughout the cross-section, except for a small boundary layer with highly densified material. The authors also investigated the regeneration in various alcohols and observed that the increase of their molecular mass leads to the formation of a distinct skin-core structure. Laity et al. (2002) studied the composition and phase changes during the regeneration of cellulose-NMMO-water solutions in water. They reported that the cross section of regenerated solution observed by SEM appeared uniformly dense. TEM observation revealed porosity on the scale of a few nanometres. Crawshaw and Cameron (2000) show that there is a network of voids elongated in the fibre direction. In the untreated wet state, there are many small voids (mean length 36 nm, mean thickness 0.3 nm) while in the dry state after drying at 160°C, there is a much lower overall volume fraction of much larger pores voids (mean length 270 nm, mean thickness 5 nm). Jianchin et al. (1999) have reported the presence of a skin-core structure in Lyocell fibres. Swelling experiments performed in aqueous NaOH solutions and swollen fibres investigation with an environmental scanning electron microscope allowed the authors to suggest that Lyocell fibres are made of a composite skin and of a crystalline core formed by parallel fibrils. The skin is amorphous and very elastic. Its thickness is estimated to be between 57 and 177 nm (average value is equal to 73 nm). The skin is made up of two layers: the outer layer is very thin while the inner one is thicker. Cellulose chains in the outer layer are less oriented than chains in the inner layer. The core of the fibre is made up of highly oriented parallel fibrils and amorphous regions connecting these fibrils.
Some pores and defects could be also present in the amorphous regions. -Rous et al. (2006) showed that Lyocell fibres contain only nanopores in the core of the fibre and a very porous skin layer. Schurz et al. (1995) proposed a structural model for fibres spun from cellulose-NMMO-water solutions. The orientation of both crystalline and amorphous zones was reported to be very high.
Abu
Crystalline regions have rather isolated fibrils that can be easily separated by a mechanical treatment, leading to fibrillation (Ducos et al 2006) . A recent work Abu-Rous et al. (2007) based on dye penetration proposes to distinguish three regions inside Lyocell fibres, a skin layer with a compact structure, a porous middle zone and a compact fibre centre.
The understanding of the structure formation during coagulation and the morphology of regenerated cellulose-NMMO-water solutions, depending on the regeneration kinetics, is essential for the properties of cellulose objects produced by NMMO process. The main objective of this work is the investigation of the morphologies of regenerated cellulose-NMMO-water solutions as a function of various parameters of both cellulose solutions and coagulation baths. These observations will be linked to the knowledge of the regeneration kinetic parameter obtained before (Biganska and Navard 2005) .
EXPERIMENTAL PART
Cellulose-NMMO-water solutions were prepared in the R&D department of the Austrian company Lenzing AG using the method described previously (Biganska and Navard 2005) . Several cellulose pulp samples and different cellulose concentrations were used in this study in order to describe the influence of these parameters on the morphology of regenerated solutions. Four different pulp families called Krafts 1-4 were used in this work. Each Kraft family has the same cellulose origin, the difference being the molecular weight distribution (Table 1 ). The table 1 properties of the cellulose samples as well those of the cellulose solutions were described elsewhere (Biganska and Navard 2005) .
Location of
NMMO-water mixtures with initial NMMO concentration varying from 0% (pure water) to 50% were used for coagulation baths. The required mixtures were prepared by the dilution of the solution containing 50% of NMMO provided by Aldrich.
The regeneration of the cellulose solutions was performed with two types of cellulose solution physical states. First, with solid (crystallised) cellulose-NMMOwater solutions shaped by a press to obtain discs of definite thickness (1mm and 3mm) and diameter (20mm). Second, with molten, 2 to 3mm thick cellulose-NMMO-water solutions. Samples were molten at 90°C.
Each cellulose solution sample was immersed into a coagulation bath to regenerate it, i.e. to transform the polymer solution into a pure, highly swollen cellulose object.
Then, the regenerated cellulose sample was cut with a razor blade in order to obtain a thin slice. These slices were then observed with an optical microscope (Leitz Metallux 3) and an environmental scanning electron microscope (Philips XL ESEM). In order to observe the regenerated solutions in a wet state, the scanning electron microscope was equipped with a Peltier stage. This device allows keeping the sample in the electron microscope chamber in an atmosphere of a desired humidity ratio fixed by two parameters, the pressure and the temperature.
RESULTS AND DISCUSSION

Influence of the state of the cellulose solution before regeneration on the morphology of the regenerated objects
If before being immersed into the regenerating bath, the cellulose solution is solid (crystallized) or liquid (in a molten state), the morphologies of the regenerated cellulose objects are very different. In the case of a solid solution obtained by cooling the solution, it was shown (Biganska et al 2002) that it is the solvent which is crystallizing. This is leading a variety of morphologies like large spherulites. After sublimation of NMMO and water, cellulose chains retain the general morphology of the crystallised solution (Chanzy et al 1979) . The same phenomenon is observed if such a crystallized solution is regenerated in an aqueous bath. Figure 1 illustrates this phenomenon for the regeneration of a 3wt% cellulose solution in a water bath.
The right (regenerated) and left (solution) sides of the picture show that they have the same morphology. This is due to the fact that the solvent is crystallizing, pushing cellulose chains out of the crystals but keeping them very close to the tiny crystals, keeping thus the image of the crystal arrangements. When the crystals are dissolving in the regeneration liquid, cellulose chains keeps the same organisation they had around the solvent crystals. There is no phase separation involving cellulose during the regeneration of a solid crystallized cellulose solution since the phase separation between the solvent and cellulose had already occurred during the crystallisation of the solvent. The observation of the cross-section of the solutions regenerated in a water bath after crystallisation reveals a uniform and compact structure with few voids. As we will see, voids are originating from liquid-liquid phase separation, a case not occurring here.
The situation is completely different after the regeneration of a molten solution. In The thickness of the dense skin is not uniform along the perimeter of the sample.
The core contains finger-like voids that can occupy either the whole surface of the cross-section or form a crown. The texture of the cellulose material that forms the walls of the finger-like cavities has micrometer-scale porosity. In the following we will describe in details the structure obtained after the regeneration of molten cellulose-NMMO-water solutions and the parameters that influence it.
Fingering in regenerated objects obtained from a molten solution
Formation of the finger-like patterns is a common feature in liquid-liquid demixing.
The classic example is the Staffman-Taylor fingers (Saffman and Taylor 1958, Kessler et al 1988) , observed when air drives water from a Hele-Shaw cell (two parallel plates with a narrow gap of constant thickness between them). A moving air-liquid interface is driven by the gradient of a diffusive field. Planar or circular interfaces are morphologically unstable and tend to finger, along directions favoured by the boundary conditions and/or anisotropy. The difference between the morphologies of the cellulose solutions regenerated in the molten or solid crystallised states are thus clear. Finger-like voids are formed when a low viscosity fluid is displacing a more viscous one. So, finger-like voids are formed in the molten solutions in contact with water of the coagulation bath (viscosity of water is much lower than the viscosity of any cellulose solution). In contrast, there is no moving liquid-liquid interface during the regeneration of a crystallised solution. The dissolution of the crystallised NMNO is only due to the fact that NMMO is highly hygroscopic (Navard and Haudin 1981) . The few observed voids in the regenerated objects from solid crystallized solutions are due to defects like air bubbles.
On the basis of what is known from the theory of membranes formation and taking into account our own observations, the following mechanism of the formation of structure during the regeneration of molten cellulose-NMMO-water solutions can be proposed. The contact between the solution and the liquid from the coagulation bath leads to the rapid outflow of the solvent from the top layer of the solution. The polymer profile at the point of precipitation exhibits a very high interfacial concentration, thus favouring the formation of a dense skin immediately after immersion of the sample into the coagulation bath. The bulk of the sample is at near the initial concentration and is in a fluid state. Thus, a rapid inflow of the coagulant can take place through the weak spots at the skin interface. Rapid growth of fingerlike voids in the fluid region under the skin occurs due to the moving interface created by the coagulant (less viscous) and the solution (more viscous).
Measurements of the coefficients of diffusion of NMMO solvent from the solution
into the bath and of the coagulant from the bath into the solution (Biganska and Navard 2005) show that the inflow of the coagulant is one order of magnitude higher than the outflow of the solvent. This result is in agreement with the fact that the formation of a finger-like structure is favoured when the non-solvent enters the sample more rapidly than the solvent exits from it (Shen and Cabasso 1982) .
Influence of the concentration of cellulose, the nature and the temperature of coagulation bath on the morphology of regenerated solutions
Cellulose concentration
Molten solutions with 3wt% of cellulose, 82wt% of NMMO and 15wt% of water were regenerated in a water bath at room temperature. The morphology was very similar, independent on the characteristics of the Kraft samples. The observation of Figure 4 shows the scanning electron micrographs, taken at various magnifications, of the cross-section of the 6wt% cellulose solution regenerated in a water bath. Figure 4a shows a general view of the cross-section where one can distinguish the skin and the voids. Figure 4b , taken in a place close to the sample centre, shows some smaller voids. Figures 4c and 4d are showing the aspect of the walls between voids. The analysis of numerous samples reveals that the ordering of voids observed for the samples with low cellulose concentration decreases when the cellulose concentration increases. The length of voids decreases while their width increases when the concentration of cellulose increases. Both effect are most probably due to the viscosity of the highly concentrated, cooled solution. The difficulty to displace large amounts of cellulose chains restricts the propagation of the fingering instability, and disrupts its regular formation. In fact, the lengths of the voids observed in the 6wt% cellulose samples are ranging between 400 and 500µm and their width is of about 30µm. The corresponding dimensions are of 300µm and 50µm for the samples with 8wt% of cellulose. In the case of solutions with 10wt% of cellulose, these dimensions are of 200µm and 50µm. It seems that the thickness of the skin also increases with cellulose concentration.
Location of fig 4 NMMO concentration in regenerated bath
The effect of the concentration of NMMO in the initial aqueous bath used for regeneration was tested on 6wt% cellulose solutions. The observation of the crosssections of the samples regenerated in the baths with 0% (pure water), 10%, 20%, 30%, 40% and 50% of NMMO reveals that finger-like voids become less numerous when the concentration of NMMO increases (Fig 5) . This is due to the fact that we have a very "strong" precipitation in pure water while the regeneration is "weak" in the presence of NMMO. The higher the NMMO concentration in the regenerating bath is, the less rapidly this fluid is penetrating in the cellulose solution. The fingering mechanism is thus less favoured.
Regenerating bath temperature
The effect of the temperature of water bath on the morphology of regenerated solutions can be illustrated on the example of 8wt% cellulose solutions. Figure 6 gives the scanning electron micrographs of the cross-sections of the solutions regenerated at 20°C, 50°C and 80°C. The left column shows the evolution of general morphology while the right column presents the evolution of the material texture between the voids. It can be seen that the thickness of the skin decreases, the number of voids increases and their width decreases when the bath temperature increases.
Another effect of the temperature increase is the appearance of a dense part in the middle of the samples and, consequently, the confinement of the void region in a corona. The cross-sections of molten solutions with 8wt% (a) and 12wt% cellulose (b) regenerated in water bath at 50°C have a microporous globular texture (Fig 7) made by the juxtaposition of small spheres of 1-2µm (Fig 6a) . Such a texture is present in almost all the investigated samples obtained from a molten initial state. This texture is due to the phase separation mechanism. Two mechanisms of phase separation can take place during liquid-liquid demixing of polymer solutions, either nucleation and growth where the nuclei of one phase grow in the mixture or spinodal decomposition where a periodic variation of concentration leads to the final phase separation. If there is a clear difference between these two mechanisms in their first stages (nucleation and growth shows isolated entities while spinodal decomposition has a 3D network-like morphology), both tends to the same spherical morphology at the end, due to surface tension effects. If there is no external nucleation agent in the mixture, nucleation and growth gives a morphology composed of spheres of different diameters (due to the sporadic nucleation), positioned randomly in the regenerated material while spinodal decomposition gives rather monodisperse spheres, usually ordered along lines (this is due to the 3D-network like structure of the cellulose-rich phase). The micrographs shown on Figure 6 clearly suggest that the phase separation mechanism is spinodal decomposition in the case of the regeneration of a molten cellulose-NMMO solution in a water bath. Picture 6b, seldom observed, represents a frozen periodic structure while the picture 6a, frequently seen, corresponds to the periodic structure after it breaks down. This conclusion is supported by independent observations made on cellulose objects regenerated from NMMO solutions (Zhang and Shao 2001) , (Mortimer and Peguy 1996) or during regeneration by NMR (Laity et al. 2002) .
Mechanisms of cellulose-regenerating medium phase separation
CONCLUSION
The type of morphology of a regenerated cellulose object from a cellulose solution in N-methylmorpholine N-oxide-water is not very much dependent on the cellulose concentration or the bath composition. It is strongly dependent on the state of the solution prior to regeneration. If the solution has crystallised, a dense morphology is observed while a dense skin surrounding a core made of large voids with cellulose walls is obtained from a molten solution. In this latter case, the cellulose wall structure (small ordered spherical objects) is due to a spinodal decomposition.
Further investigations on the details of the fast spinodal decomposition by light scattering and on the formation of the very thin skin during regeneration would help the understanding of the morphology development of objects regenerated from NMMO-cellulose solutions. Tables and Figures.   Table 1 Characteristics of the cellulose used for the preparation of 
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Figure 3
Scanning electron micrograph of the cross-section of a 3wt% cellulose solution regenerated in a water bath at room temperature.
Figure 4
Scanning electron micrographs of the cross-sections of a 6wt% cellulose solution regenerated in a water bath at room temperature : a) general view, b) voids, c) and d) aspect of walls between voids.
Figure 5
Scanning electron micrographs of the cross-sections of a molten 6wt% cellulose solution regenerated in a NMMO water bath at room temperature with varying NMMO content in the bath.
Figure 6
Scanning electron micrographs of the cross-sections of a 8wt% cellulose solution regenerated in a water bath at different temperatures.
Figure 7
Scanning electron micrographs of the fine structure observed in regenerated cellulose-NMMO-water solutions with initial concentration of cellulose of 8wt% (a) and 12wt% (b). 
